In the muscle-specific tyrosine kinase receptor gene MUSK, a heteroallelic missense and a null mutation were identified in a patient suffering from a congenital myasthenic syndrome (CMS). We generated one mouse line carrying the homozygous missense mutation V789M in musk (musk V789M/V789M mice) and a second hemizygous line, resembling the patient genotype, with the V789M mutation on one allele and an allele lacking the kinase domain (musk V789M/2 mice). We report here that musk V789M/V789M mice present no obvious abnormal phenotype regarding weight, muscle function and viability. In contrast, adult musk V789M/2 mice suffer from severe muscle weakness, exhibit shrinkage of pelvic and scapular regions and hunchback. Musk V789M/2 diaphragm develops less force upon direct or nerve-induced stimulation. A profound tetanic fade is observed following nerve-evoked muscle contraction, and fatigue resistance is severely impaired upon a train of tetanic nerve stimulations. Electrophysiological measurements indicate that fatigable muscle weakness is due to impaired neurotransmission as observed in a patient suffering from a CMS. The diaphragm of adult musk V789M/2 mice exhibits pronounced changes in endplate architecture, distribution and innervation pattern. Thus, the missense mutation V789M in MuSK acts as a hypomorphic mutation and leads to insufficiency in MuSK function in musk V789M/2 mutants. These mutant mice represent valuable models for elucidating the roles of MuSK for synapse formation, maturation and maintenance as well as for studying the pathophysiology of a CMS due to MuSK mutations.
INTRODUCTION
The differentiation of the neuromuscular junction (NMJ) is a multistep process requiring coordinated interactions between nerve terminals and muscle (1, 2) . Signals that regulate the localization and stabilization of developing contacts are mediated by neuronal agrin and the muscle-specific receptor tyrosine kinase MuSK, that is required for the prepatterning of acetylcholine receptors (AChRs) (3) (4) (5) (6) (7) (8) (9) (10) . Nerve-secreted agrin may either induce de novo AChR clusters or stabilize the preformed AChRs accumulation enhancing MuSK activity, and prevent dispersion of post-synaptic specializations (6, (9) (10) . The neurotransmitter acetylcholine induces post-synaptic AChR activity, which is necessary for the correct positioning of endplates (11) , and may be also involved in the removal of excess of nonsynaptic AChR clusters (12, 13) . MuSK signalling is also required for the stabilization and maintenance of NMJs throughout life. Indeed, the conditional inactivation of MuSK in mice during post-natal development leads to defects in NMJ maintenance and premature death (14) .
Recently, Dok-7, a member of the 'downstream-of-kinase' family of cytoplasmic proteins has been shown to interact with MuSK and to modulate its activity. Mice lacking Dok-7 formed neither AChR clusters nor neuromuscular synapses confirming that this adaptor protein is essential for neuromuscular synaptogenesis through its interaction with MuSK (15) . Moreover, mutations in Dok-7 identified in patients suffering from a limb-girdle congenital myasthenic syndrome (CMS), which impair MuSK activity, appear to interfere with maturation and/or maintenance of NMJs (16 -19) . Thus, MuSK and Dok-7 participate actively in the functional and structural integrity of NMJs in adult muscle.
CMSs are a heterogeneous group of inherited disorders of neurotransmission characterized by a fatigable muscle weakness. In these patients, the safety margin of neurotransmission is impaired by one or several mechanisms (20) . A search of candidate genes has resulted in the identification of mutations in 11 genes that encode proteins of NMJ (17, (21) (22) (23) . Two heteroallelic mutations were discovered in MUSK in a patient suffering from an autosomal recessive CMS: a frameshift mutation (c.220insC) leading to the absence of MuSK expression and a missense mutation (V790M) located in the catalytic kinase domain of MuSK (24) . Hemizygosity for MuSK is not a sufficient condition to induce the disease. Indeed, the father of this patient bearing the frameshift mutation did not present CMS. Moreover, musk þ/2 mice do not have any phenotypic abnormalies. Thus, to examine the pathogenicity of the missense mutation in vivo, we introduced the V789M (mouse homologous of the human V790M mutation) into the mouse MuSK gene by homologous recombination. We explore how this mutation by itself at homozygous state or in conjunction with an inactivated allele, as observed in the MuSK-mutated patient, alters the NMJ structure and physiology, and induces symptoms of fatigable muscle weakness. The results show that the MuSK-mutant mice represent valuable models to study mechanisms that cause a myasthenic syndrome, and to disclose the physiological role of MuSK from synapse formation to NMJ maintenance and muscle function.
RESULTS

Generation of musk
V789M/V789M and musk V789M/2 mice
To investigate in vivo the physiological consequences of MuSK mutations identified in human (24), we generated a mouse line by homologous recombination bearing the V789M mutation in the kinase domain of MuSK (musk V789M/V789M mice). This mutation corresponds to the mutation V790M in human MuSK at the homologous position that differs numerically due to a different numbering scheme. The basic targeting vector used in this study (Fig. 1A) has been used previously for the conditional inactivation of MuSK during post-natal development (14) . Here, we replaced in exon 15, encoding the kinase domain, nucleotide G at position 2365 of the coding sequence by A (c.2365G!A; NCBI accession: NM_010944) (see Materials and Methods, Fig. 1A ) and used the construct to transfect embryonic stem (ES) cells by electroporation. Heterozygous ES cells were identified by PCR and Southern blot analysis (Fig. 1B) and the correct homologous recombination was verified by sequencing. Two independent ES cell clones were used for blastocyst transfer to generate two independent musk V789M/þ mouse strains. Breeding of heterozygous musk þ/V789M mice (eight independent crossings; n ¼ 77 newborn mice) approximated the expected ratio of 1:2:1 of Mendelian inheritance of the genotype: musk
mice, 56% (n ¼ 43) and musk V789M/V789M mice 26% (n ¼ 20). Both the mutated musk V789M/þ and musk V789M/V789M mice were indistinguishable from their wild-type (WT) siblings at birth and seemed healthy during the sexual maturity stage, indicating that the V789M mutation at homozygous state is not lethal during embryonic and perinatal stages and has no impact on the general health condition at young age. The musk V789M/V789M mice are fertile and produce homozygous offspring.
The patient suffering from CMS (24) carries two heteroallelic mutations in MUSK, the missense mutation V790M in exon 15 and a null mutation in exon 3. Insertion of C at position 220 of the coding sequence (c.220insC) causes a frameshift that generates a premature stop codon and thus truncation of the gene product. To establish a corresponding mouse model, we bred the musk V789M/V789M mice with musk þ/2 mice to obtain hemizygous musk V789M/2 mice that resemble the human counterpart in their genotype. Breeding of heterozygous musk þ/2 mice with musk V789M/V789M mice (eight independent crossings; n ¼ 72 newborn mice) approximated the expected ratio of 1/2: 1/2 of Mendelian inheritance of the genotype: musk V789M/þ mice, 45% (n ¼ 32) and musk V789M/2 mice, 55% (n ¼ 40) suggesting that no particular death of musk V789M/2 mice occurred during prenatal period. musk V789M/V789M mice display no obvious abnormal phenotype, whereas musk V789M/2 mice develop severe muscle weakness
The musk V789M/V789M mice presented no obvious physical signs of muscle weakness, and weight and general behaviour of these mice were normal compared with WT ( Fig. 2A and B) or the musk loxP/loxP or musk loxP/2 mice described previously (14) . The musk V789M/2 mice developed, also apparently, normally during the first 3 weeks. After this period, however, changes in the trunk, pelvic and scapular regions became progressively visible to the naked eye by the reduced muscle mass, an easy perception of sacral vertebrae, the deformation of backbone and the gradually increasing kyphosis (Fig. 2C  and D) . The CT scan analysis performed on musk V789M/2 mice at post-natal day (P) 45 unveiled the abnormal curvature of the spine between the thoracic and lumbar vertebrae (thoracolumbar kyphosis) compared with WT mice (Fig. 2E and F) . The weakness of the pelvic muscles in these mice led most often to an abnormal walk posture characterized as a waddling gait (not shown). The delayed onset of severe muscle weakness may reflect differences in muscle development indicating that MuSK signalling occurs not in a generalized manner in all muscles. However, the musk V789M/2 mice remained mobile. During puberty, musk V789M/2 male mice showed a deficit in weight gain when compared with WT male mice ( Fig. 2A) . By 2 months of age, they exhibited 75% of the body weight of control littermates. As observed in the survival
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Human Molecular Genetics, 2008, Vol. 17, No. 22 curve (Fig. 2G ), more than 40% of the male population presented a reduced life expectancy and died between the second and fourth month of life. After this period, the vital prognosis appeared stabilized for the rest of the musk V789M/2 male population. Female mice were affected physically in a similar way although no premature death was noted during and after this period (Fig. 2G ).
The musk V789M/2 mice have abnormal locomotion activities
To investigate in the musk V789M/2 mice muscle weakness and the behaviour during locomotion activities, we performed two motor tests between P18 and P60. First, we measured the grip strength of the forelimbs. No difference was then observed in grip strength between homozygous musk V789M/V789M mice and WT mice during this period (Fig. 2H) . In contrast, the grip strength of the musk V789M/2 mice was progressively reduced beyond P21. At P60, forelimb grip strength was reduced by 30% compared with WT (Fig. 2H) .
The motor coordination and the balance of the mice were tested using the Rotarod assay. After a training period of 5 days, musk V789M/V789M mice as well as the WT mice were able to maintain their balance up to 5 min on the rotating and accelerating drum (Fig. 2I) . The musk V789M/2 mice revealed clear deficits in this test and fell 2 -3 min earlier from the drum (Fig. 2I) , thus maintaining their balance only by half the normal duration time. In both tests, no difference between male and female musk V789M/2 mice was observed.
Muscle contraction and neurotransmission in MuSK mutants
The most conspicuous phenotypic difference between WT or musk V789M/þ and musk V789M/2 mice was the reduction in body weight, the kyphosis and reduced motor performance with age. As musk V789M/þ and WT mice did not show phenotypic differences, we used musk V789M/þ mice as controls having the same age and genetic background as musk V789M/2 littermates. To elucidate whether the cause of the motor deficits observed in musk V789M/2 mice was due to impaired neuromuscular transmission, we investigated using P90 isolated musk V789M/þ and musk V789M/2 mouse diaphragms twitches and tetanic contractions following direct (muscle) or indirect (phrenic nerve) stimulation at different frequencies. Fatigue strength was also evaluated after a train of tetanic stimulations (Fig. 3) .
Musk V789M/þ mouse diaphragm developed and maintained similar tetanic contractions on muscle stimulations (Fig. 3A1) as observed in WT muscle (not shown). Train of tetanic muscle stimulations induced a similar degree of fatigue in musk V789M/þ and musk V789M/2 muscles, despite the fact that musk V789M/2 hemidiaphragms developed less force than musk V789M/þ ones (Fig. 3A1 ). In musk V789M/2 mice, the strength of muscle twitch upon direct stimulation was significantly smaller than in musk V789M/þ mice, both upon single and tetanic direct stimulation ( Fig. 3A and Table 1 ). Moreover, the time to peak or contraction time (CT), and the half relaxation time (RT 1/2 ) of direct-evoked single twitches were significantly prolonged (Table 1) .
Contraction elicited by a single or tetanic nerve stimulation in muscle of musk V789M/þ mice was similar to muscle-stimulated contractions (Fig. 3B1) . In musk V789M/2 mice, the peak amplitude of nerve-evoked single twitch was not found significantly reduced compared with muscle stimulation, but the CT and RT 1/2 were also prolonged ( Fig. 3B and Table 1 ). Tetanic nerve stimulation or a train of indirect tetanic stimulations of musk V789M/2 hemidiaphragm produced a completely different behaviour. Indeed, this muscle was not able to maintain unique tetanic contractions (tetanic fade) or repetitive tetanic contractions suggesting that the fatigue resistance after nerve stimulation was strongly reduced (Fig. 3B and  B1) . Moreover, the twitch/tetanus ratio in musk V789M/2 hemidiaphragm after nerve stimulation was doubled compared with musk V789M/þ mouse diaphragm (Table 1) . Intracellular recordings from isolated hemidiaphragms of P90 male mice demonstrated significantly impaired neuromuscular transmission in musk V789M/2 mice compared with musk V789M/þ mice ( Fig. 3C and D) . The mean peak amplitude (around 0.8 mV) and the kinetic parameters of the miniature endplate potentials (MEPPs) of hemidiaphragms from musk V789M/2 mice were comparable to musk V789M/þ hemidiaphragms but of reduced frequency ( Fig. 3C and Table 2 ). We found that the amplitudes of the full-sized endplate potentials (EPPs) were significantly decreased in the hemizygous mice, and were 76% of the control value ( Fig. 3D and Table 2 ). Moreover, the steady-state number of quanta released by a single nerve impulse (mean quantal content) was only 61% of the control value (Table 2) .
Aberrant endplate distribution and exuberant axonal growth in the diaphragm of adult musk V789M/2 mice
We studied synapse distribution in P45 diaphragm muscles, because its thin structure allows visualizing synaptic contacts and the innervation pattern in whole-mount preparations with a high spatiotemporal resolution. The primary trunk of the intramuscular phrenic nerve, stained with anti-neurofilament (NF) 150 kDa antibodies, extended to the central region of the muscle and was oriented perpendicular to the long-axis of the muscle fibres (Fig. 4A ). Nerve terminals normally were located at the ends of short secondary and tertiary branches growing laterally off the primary nerve trunks ( Fig. 4E and G). AChRs, visualized by staining with rhodamine-conjugated a-bungarotoxin (r-bgt), were clustered in the muscle membrane at the synaptic contact sites, located as a characteristic 'endplate band' at the centre of each hemidiaphragm ( Fig. 4C ) and endplates are contacted by nerve terminals in WT ( Fig. 4F and G). A similar innervation pattern was observed in musk V789M/V789M and musk loxP/2 mice (data not shown). In P45 male and female musk V789M/2 mice, the diaphragm was notably thinner compared with musk V789M/V789M mice or WT mice (data not shown) and the innervation pattern of the diaphragm was markedly altered. The axon branches were much longer and extended from the main nerve trunk to the medial and/or lateral side of the muscle (Fig. 4B) . At higher magnification, this axonal overgrowth and increased branching is evident ( Fig. 4H and J). The length of the secondary neurites arising from the primary nerve trunk was measured in the upper regions of the diaphragms from WT and musk V789M/2 mice (Fig. 4K) .
The well-defined central endplate band was absent in musk V789M/2 mouse diaphragm at P45 (Fig. 4D, I and J). The AChR clusters were, instead, scattered over a wide territory in comparison to musk V789M/V789M mice or WT mice. The different endplate distributions in WT, musk V789M/V789M and musk V789M/2 mice were quantitatively evaluated by measuring the width of the endplate region at P25 (Fig. 4L ). After P25, it was no longer possible to detect endplates reliably in musk V789M/2 mice because of the remodelling of the endplates and the highly variable spread of the AChR clusters across the diaphragm (see later, Fig. 4L ).
Remodelling of individual NMJS in the diaphragm of adult musk V789M/2 mice
We analysed the pre-and post-synaptic molecular architecture of NMJs at P45 by double labelling WT, musk V789M/V789M or musk V789M/2 mouse diaphragm muscles with r-bgt and anti-NF 150 kDa antibodies (Fig. 5 ) or anti-synaptophysin antibodies (Fig. 6 ). Both in WT ( Fig. 5A-C) and musk V789M/V789M mice ( Fig. 5D -F) , axonal branches innervated the well-defined and 'Pretzel'-like shaped post-synaptic structure. In musk V789M/2 mouse diaphragm, however, we observed axonal sprouting and retraction bulbs (Fig. 5G, I , J and L). The r-bgt-stained AChRs were no longer concentrated in characteristic 'Pretzel'-like structures as observed in WT or musk V789M/V789M mice ( Fig. 5B and E) . Instead, the endplates seemed smaller than in WT mice and AChR clusters showed a highly disrupted pattern ( Fig. 5K and L) .
Synaptophysin staining (Fig. 6 ) demonstrated that AChRs were located in precise alignment with the presynaptic nerve terminal in WT (Fig. 6A -C) and musk V789M/V789M mice ( Fig. 6D -F) . In musk V789M/2 mice, the nerve terminals appeared also apposed to AChR patches indicating that synaptic contact regions existed but their size was strongly reduced due to the high fragmentation of endplates (Fig. 6G -L It has been previously shown that MuSK/rapsyn and agrin/ MuSK/rapsyn pathways are required for the initiation of synaptogenesis and for the synaptic differentiation during development. Indeed, mice lacking either, MuSK, the MuSK effector Dok-7, agrin or rapsyn, die at birth. They all show defects in NMJ formation or stabilization, and aberrant nerve growth (3) (4) (5) (6) 15) . As the central endplate band and the axonal length from the main nerve trunk were found highly perturbed in the diaphragm of adult musk V789M/2 mice, we asked whether these modifications were already present during the early post-natal period and analysed diaphragms from WT and musk V789M/2 mice at P0 up to P45 (Fig. 7) . At low magnification r-bgt-stained endplate receptors were barely detectable at P0 in musk V789M/2 mice suggesting that the AChR densities or the size of the endplates were reduced comparable with WT ( Fig. 7A and I ). Apparent increased fluorescent intensities were indicated at P5 (Fig. 7J) that decreased, however, at later stages again (Fig. 7K and L) . Whether the transient increase in AChR density could be due to developmentally regulated embryonic-to-adult channel conversion or/and to the change in metabolic stability of the endplate receptors that occurs during early post-natal development needs further experiments. At higher magnification, endplate AChRs could be clearly visualized at all stages ( Fig. 7M-P) . Compared with WT, or musk V789M/V789M and musk loxP/2 mice, the size of the endplates at P0 indeed was significantly reduced (Fig. 7Q) . We also noticed that the endplates were not concentrated around a central endplate band as characteristically observed in WT (Fig. 7A-D ) but were spread out over a wide range (Fig. 7I-L) .
During the first two post-natal weeks, NMJs mature. AChRrich post-synaptic apparatuses are transformed gradually but asynchronously from small oval plaques into perforated Endplates in musk V789M/2 mouse diaphragm varied at all stages from endplates in WT diaphragm. At P15, most of NMJs observed in WT mice presented compact but multiperforated or branched-shape configurations. We noted, first, that the number of detectable AChR clusters was notably reduced in the diaphragm of musk V789M/2 mice compared with control mice (Fig. 7C , K and R). At this stage one could still detect NMJs that appeared normal comparing AChR densities, perforation and branching of endplate regions. Other NMJs, however, displayed progressive loss of AChR-rich domains and/or complete dislocation of the post-synaptic apparatus (Fig. 7S ). Later on, by P45, most of the endplates underwent a profound remodelling (Fig. 7P) .
Muscles respond differently to mutation in MuSK
We then asked whether the remodelling of NMJs first observed in the diaphragm of musk V789M/2 mice can be generalized to all muscles and compared the NMJ architecture of the diaphragm, intercostal, soleus, extensor digitorum longus (EDL) or tibialis anterior (TA) muscles (Fig. 8) . We observed that diaphragm, intercostal as well as TA muscles of P45 musk V789M/2 mice showed severe changes in post-synaptic structure and AChR distribution (Figs 5G -L and 8B and D, respectively) compared with WT mice (Figs 5A -C and 8A and C). The NMJs of these muscles showed a strong and progressive loss of AChRs leading to the fragmentation of the characteristic 'Pretzel'-like structures. At a similar stage in EDL and soleus muscles, 'Pretzel'-like-structures appeared less-affected ( Fig. 8F and H, respectively) and largely resembled endplates of WT muscle ( Fig. 8E and G) . At older age, however, structural alterations (reduction of endplate receptor density and fragmentation) were also observed as shown for a P120 soleus muscle ( Fig. 9A and B) . muscles, despite the fact that musk V789M/2 muscles developed less force than musk V789M/þ ones. Note in (B), that musk V789M/2 hemidiaphragms were not able to maintain tetanic contractions evoked by single nerve stimulation (20-60 Hz), or by trains of tetanic stimulation (B1), when compared with musk V789M/þ muscles. Calibration scales in right panels apply to left ones. Representative traces of MEPPs (C) and full-sized EPPs (D) recorded in a musk V789M/þ and a musk V789M/2 hemidiaphragm muscle bathed in standard physiological solution supplemented with m-conotoxin GIIIB to block muscle sodium channels. Notice that the EPP amplitude is reduced in the musk V789M/2 when compared with the musk V789M/þ muscle. Human 
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Architectural alteration of nmj in musk V789M/2 mice
In order to analyse the morphological alteration of the NMJs at ultrastructural level in musk V789M/2 mice, we performed electron microscopy analysis on soleus muscle of 3-month-old musk V789M/2 and WT mice (Fig. 9) . In WT, junctional folds are numerous and well-developed (Fig. 9A) . The sarcoplasm containing mitochondria and subsynaptic nuclei but no myofibrils, the so-called sole plate, represents a subsynaptic specialization that may control transcriptional and posttranslational regulation at the NMJ. As shown in Figure 9B , post-synaptic membranes in soleus muscle of musk V789M/2 mice presented few junctional folds and the distance between this post-synaptic membrane and the myofibril compartment was reduced. Mitochondria invaded the subsynaptic space and accumulated directly beneath the post-synaptic membrane, whereas subsynaptic nuclei seemed to have disappeared or were disintegrated (Fig. 9B ) and in many cases the sole plate was abolished (Fig. 9C) . Similar endplate architectural disruption has been observed in several CMSs (16, 28) . In order to determine whether the expression of MuSK is modified at the post-synaptic sites of musk V789M/2 mice, we performed immunochemistry on TA cryostat sections from P90 WT and musk V789M/2 mice (Fig. 10A -D) . As represented in Figure 10C , the level of MuSK at post-synaptic membranes identified by r-bgt (Fig. 10D ) was found drastically reduced in musk V789M/2 mice when compared with WT mice (Fig. 10A) . In musk V789M/V789M mice, MuSK was found normally concentrated at the synapses (data not shown).
We performed, then, a quantification of MuSK, AChR 1, a and g subunit mRNAs by relative real-time RT -PCR on TA muscle extracts. As observed (Fig. 10E) , TA from musk V789M/2 mice presented an up-regulation of the expression of MuSK mRNAs compared with WT mice. In contrast to WT, the amount of AChR 1 subunit mRNAs was reduced by half in musk V789M/2 mice (Fig. 10F) . In correlation to the up-regulation of MuSK mRNA we found a large increase in AChR a and g subunit mRNAs was found ( Fig. 10G and H, respectively) . These results suggested an inactivity-or denervation-related gene expression in TA muscle of musk V789M/2 mice.
DISCUSSION
The musk V789M/2 mouse, a model for MuSK-induced CMS
In the present study, we developed musk-knock-in mice carrying the V789M missense mutation that was identified in conjunction with a null mutation in the MUSK human gene in a family with an autosomal recessive CMS (24) . We show that, as observed in a MuSK-related patient, the heteroallelic association of the missense mutation located in the kinase domain of MuSK and an inactivated MuSK allele in musk V789M/2 mice induces a severe fatigable muscle weakness, thus confirming the pathogenicity of the missense mutation in a context of hemizigosity. In adult musk V789M/2 mice, the muscle deficit predominates on axial muscles and leads to a thoracolumbar kyphosis, and the pelvic weakness induces a waddling gait. Such a phenotype can also be observed in other mouse models presenting neuromuscular defects (9,14,29 -32).
The V789M mutation by itself at a homozygous state in musk V789M/V789M mice is not sufficient to induce an abnormal phenotype in locomotion, growth or viability. This is also the case in musk þ/2 or musk loxP/2 mice, where the reduction by half of MuSK failed to lead to any obvious phenotype or abnormalities of the NMJs (3, 6, 14) . These hemizygous mice demonstrate that WT musk is not a haploinsufficient gene (33) . The presence of the null allele in musk V789M/2 mice, in contrast, discloses the pathogenic character of the V789M missense mutation generating in fine a 'MuSK haploinsufficiency'. In these mice, MuSK activity is reduced by both a quantitative defect due to the null allele and a qualitative defect due to the presence of the V789M mutation in the catalytic domain of MuSK. Expression and activity of MuSK at synaptic sites may be further reduced due to the impairment of a positive auto-regulation loop (9, 31) . As a result of the reduced MuSK activity, normally required to maintain the high AChR density at the NMJ (14), one observes a continuous loss of AChRs and finally a loss of NMJs. Immunohistochemical analysis of MuSK in TA muscle actually shows that MuSK as well as AChR densities are significantly reduced at NMJs of musk V789M/2 mice. In addition, AChR 1 subunit transcript levels that are only expressed at subsynaptic nuclei (34) are also significantly reduced. A decrease in 1 subunit transcript levels was also observed in the patient carrying the heteroallelic MuSK mutations (24) , supporting the view that MuSK activity may be linked to synapse-specific transcription (35) . The loss of NMJs on the other hand induces 'denervation-like' changes that cause an increase in a and g subunit as well as MuSK transcript levels, and similar mRNA increases were again observed in the human patient (24) . Additionally, reduction in MuSK activity may also weaken mechanisms involved in the stabilization of NMJs and post-natal maturation such as activation of src family tyrosine kinases (36 -41) .
Surprisingly, the MuSK-dependent impairment of NMJs develops differently in different muscle. Strongly affected muscle include diaphragm, TA and intercostal muscle, whereas EDL or soleus muscles appeared less-sensitive to reduced MuSK activity and deficits may become apparent only at older age. These results suggest that while MuSK activity is necessary in all muscles to maintain NMJ integrity, additional neuronal or muscle-specific modulatory signals are required to control muscle-type-specific properties. The muscle-type-specific effect observed here for MuSK may have also been observed in experimental models of myasthenia gravis (32, 42, 43) . A possible explanation could be that in these muscles, other molecules could reinforce the integrity of the NMJs as observed with b dystroglycan in zebrafish (44) . It could also be that the mode of contraction or activity of each muscle influences the maintenance of MuSK at NMJs differently. As a result, endplate AChRs or innervating motoneuron population respond differently to MuSK deficiency (45) .
We previously showed in vitro (24) that the phosphorylation and AChR aggregating activity of mutated MuSK was reduced in myotubes. Recently, it has been shown that Dok-7 is essential for neuromuscular synaptogenesis through its interaction with MuSK (15) . In vitro studies indicated that the interaction of Dok-7 and MuSK V789M was impaired (15) . Even if we could not rule out a defect of interaction with other effectors, the impairment in regulatory interaction between MuSK 
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and Dok-7 could be one possible mechanism leading in vivo to the insufficiency in MuSK function in musk V789M/2 mice. As Dok-7 mutations confer a quite particular phenotype in patients (17, 18, 46, 47) , it will be interesting to compare our mice with transgenic mice bearing Dok-7 mutations leading to impaired MuSK activity.
Remodelling of the NMJ causes muscle weakness
In diaphragms of adult musk V789M/2 mice, synaptic remodelling is manifested by a severe fragmentation and loss of endplate structure associated with axonal retraction and sprouting.
Such perturbations, indicating 'denervation-like' processes, are likely to induce a profound fatigable muscle weakness as demonstrated by the dramatic waning of muscle tension after tetanic nerve stimulation on isolated hemidiaphragm. Moreover, the diaphragms develop less force and peak twitch and maximum tetanic amplitudes are decreased after direct muscle stimulation and the contraction and half relaxation times of muscle-or nerve-evoked single twitches are prolonged. In this context it is of interest that denervation-induced inactivity of diaphragm has been shown to lead to a decrease in peak twitch and maximum tetanic force as well as prolongation of the time constants of muscle Human (48, 49) . As a consequence of a reduction in contraction speed in this muscle, the twitch/ tetanus ratio is enhanced (50) . The strongly increased fatigability of diaphragm may cause respiratory insufficiency and could be responsible for the premature death of male musk V789M/2 mice between the second and fourth month of life. It should also be noted that respiratory distresses were observed during neonatal period in a patient with MuSK mutations (24) .
Impaired neurotransmission
At synaptic contacts of musk V789M/2 hemidiaphragm, the amplitude of MEPPS and their time course is similar to 3590 Human Molecular Genetics, 2008, Vol. 17, No. 22 musk V789M/þ hemidiaphragm values suggesting that the local density of adult AChRs is high enough to induce normal spontaneous events. Nonetheless, the amplitude of the EPPS is significantly diminished. Such a reduction in amplitude could result from fewer transmitter quanta being released by a single nerve impulse or from a smaller post-synaptic effect of individual quanta (16) . Moreover, it is generally assumed that the quantal content of EPPS is related to the synaptic area (51) .
In diaphragm of musk V789M/2 mice, the mean quantal content is decreased by 40% of the control value in our study. The synaptic contacts as characterized by r-bgt-labelled endplate AChR clusters in close apposition to synaptophysinstained nerve terminals are clearly reduced in size and the arborized structure of WT endplates is simplified. The reduced pre-and post-synaptic areas could account for reduced MEPPS frequency, lower quantal content and reduced EPP amplitude rather than defects in the process of neuromuscular transmission itself. Pre-and post-synaptic abnormalities have also been discussed as cause of muscle weakness in limb-girdle myasthenic patients (16) . It cannot be excluded, however, that there may also be effects on the presynaptic compartment due to impaired retrograde signals induced by MuSK insufficiency.
Developmental changes
In musk V789M/2 mice, the phenotypic expression of the disease occurs apparently only 3 weeks after birth suggesting that the combination of the V789M mutation with a null allele interferes mainly with the NMJ maturation and maintenance. Embryonic and early post-natal development is obviously not as severely affected as in mice that lack MuSK completely, and that fail to form synapses and therefore die at birth (3) (4) (5) (6) . Nevertheless, it is anticipated that MuSK insufficiency modulates early steps in synapse formation and development. At this stage, our results show that at birth endplates are not concentrated within a narrow band but are spread out over a wide region and the size of the clusters is significantly reduced. These conspicuous differences to WT diaphragms indicate that the initiation and/or the differentiation programmes of the NMJs during development in musk V789M/2 mouse diaphragm are modified. However, the residual activity conferred by MuSK V789M is sufficient to circumvent the death of these animals at birth. All together, our results indicate that the 'MuSK haploinsufficiency' in musk V789M/2 mice during development may well be a limitating factor in agrin/MuSK/ rapsyn signalling pathways that regulate AChR prepatterning as well as synapse formation and stabilization.
In summary, the hemizygous musk V789M/2 mice that we generated develop muscle weakness similar to patients suffering from CMSs. This heteroallelic combination of both mutations create a MuSK haploinsufficiency and leads to a defect in the patterning and the aggregation of AChRs at NMJ as well as the maintenance of these NMJs at adulthood. The musk V789M/2 mice represent a valuable tool to dissect the MuSK signalling pathway and possibly to develop new pharmacological and genetic treatment strategies for a CMS due to MuSK mutations. With regard to the apparent normal phenotype of musk V789M/V789M mice, a possible strategy in musk V789M/2 mice should be to compensate the insufficiency of MuSK function by stimulating the synapse-specific transcription and production of MuSK V789M at the synapses.
MATERIALS AND METHODS
All experiments on mice were performed in accordance with European Community guidelines for laboratory animal handling.
Generation of musk V789M/V789M and musk V789M/2 mice
The construction of the gene-targeting vector used for homologous recombination was described in Hesser et al. (14) , and contained a neomycin-resistant cassette (neo) and loxP sites flanking the exon encoding the sequence of the MuSK kinase domain. This targeting vector was digested by BamHI creating a 3.2 kb fragment bearing the sequence of the catalytic kinase domain. This fragment was subcloned using Topo . X-ray photons are converted to light photons in a scintillation layer of caesium-iodine crystals which are subsequently detected by the photodiodes of the amorphous silicon waver. Taking the geometry of the scanner setup into consideration the scanner's total scan field-of-view is 25 Â 25 Â 18 cm 3 . The resolution of the scanner is 24 line pairs/cm at 10% modulation transfer function (measured by scanning a 100 mm tungsten wire phantom) for every spatial direction, which can be translated in a minimal detectable feature size of 200 mm. Scanner rotation times can be varied from 2 to 20 s in steps of 1 s, the maximum total scan time being 80 s. The x-ray tube has been modified to extend the anode angle in order to suite the requirements of cone-beam computed tomography. Furthermore, the focal spot size was reduced to 0.5 mm to reduce the effect of penumbral blurring. An even smaller focal spot would result in a reduced photon flux and would therefore require longer exposure times. . A sharp reconstruction kernel (H80s) was used for image reconstruction. Reconstructed volume datasets have been fitted with a DICOM 3 header and have been imported into a standard medial images post-processing workstation (Leonardo, Siemens, Medical Solutions, Forchheim, Germany). The DICOM image data was then post-processed using volume rendering with a musculoskeletal bone transfer function to assess the structure of the back bone.
Grip strength measurement
A computerized electronic pull-strain gauge (Columbus Instruments, Columbus, OH, USA) was used to determine the forelimb grip strength. Animals were allowed to grasp the triangular ring and were pulled horizontally until the grip was released. Three measurements were performed per animal and the average of these three measurements was used for statistical evaluation of mean and SD. No significant differences in this test were detected between male and female.
Rotarod test
Motor coordination and balance were measured by performance on the rotarod. The rotarod test was performed using an accelerating rotarod and consisted of placing a mouse on a rotating drum (3 cm in diameter) and measuring the time for which each animal was able to maintain its balance on the rod. The speed of the rotarod accelerated from 4 to 40 rpm over a 5-min period. The mice were trained on five consecutive days, and the latency to falls was estimated as index of performance.
Ex vivo isometric tension analyses
3 month-old mice (musk V789M/þ and musk V789M/2 ) were anesthetized with Isoflurane (AErrane w , Baxter S.A., Lessines, Belgium) inhalation, and euthanized by dislocation of the cervical vertebrae followed by immediate exsanguination.
Mouse hemidiaphragm muscles were mounted in a siliconelined bath filled with Krebs -Ringer solution of the following composition: 154 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 11 mM glucose and 5 mM HEPES (buffered at pH 7.4 with NaOH), continuously perfused with O 2 at 22 + 0.58C. One of the hemidiaphragm tendons was securely anchored onto the silicone-coated bath via stainless steel pins, while the other tendon was tied with silk thread, via an adjustable stainless steel hook, to an FT03 isometric force transducer (Grass Instruments, West Warwick, RI, USA). Muscle twitches and tetanic contractions were evoked either by stimulating the motor nerve via a suction microelectrode adapted to the diameter of the nerve, with supramaximal current pulses of 0.15 ms duration, at frequencies indicated in the text, or by direct electrical stimulation with an electrode assembly placed along the length of the fibres. The resting tension was adjusted for each preparation, investigated with a mobile micrometer stage (to allow incremental adjustments of muscle length) in order to obtain maximal contractile responses upon indirect and direct muscle stimulation. The resting tension was monitored during the whole duration of experiments. Signals from the isometric transducer were amplified, collected and digitized with the aid of a computer equipped with an analogue to digital interface board (Digidata 1200, Axon Instruments, Union City, CA, USA) using a software kindly provided by Dr John Dempster (Department of Physiology and Pharmacology, University of Strathclyde, Scotland).
Ex vivo electrophysiological studies
Electrophysiological recordings were carried out using conventional techniques (52) . Membrane and synaptic potentials were recorded from endplate regions at 22 + 0.58C with intracellular microelectrodes (filled with 3 M KCl solution, 8-12 MV resistance) and an Axoclamp-2A system (Axon Instruments). The phrenic nerve was stimulated by a suction electrode with current pulses of 0.15 ms duration and supramaximal voltage (typically 3 -8 V) at 0.1 Hz unless otherwise specified. Electrical signals were collected after amplification and digitized at a sampling rate of 25 kHz with a computer equipped with an analogue to digital interface board (see earlier). Studies on nerve-evoked EPPs were performed in standard physiological solution containing 1.6 mM m-conotoxin-GIIIB (Alomone Labs, Jerusalem, Israel), a selective muscle Na þ channel blocker, to inhibit the generation of muscle action potentials (53) . The amplitudes of fullsized EPPs and MEPPs recorded on NMJs were normalized to a membrane potential of 275 mV. EPP amplitudes were corrected for non-linear summation (54) . The quantal content of full-sized EPPs was calculated at each NMJ by the direct method, which consists in dividing the mean normalized and corrected EPP amplitude by the mean normalized MEPP amplitude. Giant MEPPs were excluded from the amplitude 
Statistic analyses
Data expressed as the mean + SEM. Student's t-test (twotailed) was used to determine the statistical significance of the difference between musk V789M/þ and musk V789M/2 parameters values studied. Differences were considered as significant when P , 0.05.
Whole-mount staining of diaphragms
Muscles were dissected and fixed for 1 h with 1% formaldehyde in phosphate-buffered saline (PBS). They were incubated in 0.1 M glycine/PBS, washed in PBS and then incubated in 2% bovine serum albumin (BSA) in PBS. Synaptophysin (1/50, Zymed Laboratories, Inc.) or NF 150 (1/500, Chemicon) polyclonal antibodies were incubated overnight in 2% BSA/PBS. Excess of antibodies were removed washing the tissue three times in PBS. Secondary FITCcoupled anti-rabbit goat antibodies (1/100, Mobitech) were incubated overnight with tetramethylrhodamine-conjugated abungarotoxin (r-bgt, 2 mg/ml; Molecular Probes, Leiden, The Netherlands) in 2% BSA in PBS. After washing in 2% BSA/ PBS, muscles were mounted in CITIFLUOR for microscopic analysis. Confocal image series were recorded on a Leica confocal laser scanning unit, TCS NT, which was coupled to a Leica DM IRB microscope. The image series and quantification were processed using TCS NT software (Leica, Bensheim, Germany). Number of AChR clusters was determined from images taken with a Â10 objective; AChR cluster size was measured from images taken with a Â63 objective.
Immunohistochemistry
For immunohistochemistry, tibialis anterior muscles of adult mice were collected and immediately frozen in liquid nitrogen-cooled isopentane. Eight-micrometre thick cryostat sections were collected on microscope slides, dried for 30 min and rehydrated in PBS for 5 min. Non-specific binding was blocked with 2% BSA in PBS for 1 h at room temperature. Then, sections were incubated overnight at 48C with MuSK rabbit polyclonal antibodies (194T, a gift from Dr Markus Rüegg) diluted in PBS with 2% BSA. After washing, sections were incubated with FITC-coupled antirabbit goat antibodies (1/100, Mobitech) and r-bgt (1/500). The slides were washed with PBS and mounted in CITI-FLUOR for microscopic analysis.
Electron microscopy
For ultrastructural analysis, soleus muscles were dissected and immediately fixed for 1 h in 4% paraformaldehyde. After a short wash with PBS, the muscles were incubated in PBS containing r-bgt (dilution 1/500) for 1 h, washed and then the endplate-containing tissue blocks were cut under the fluorescence microscope. Tissue blocks were post-fixed overnight at 48C in a calcium-free buffer (100 mM cacodylate, pH 7.4) using 2.5% glutaraldehyde and 2% paraformaldehyde. After washing with PBS, the samples were incubated for 2 h at room temperature in 2% osmium tetroxide and 1.5% potassium-hexacyanoferrate in water. Specimens were washed and incubated overnight at 48C in 4% uranylacetate in 25% methanol and water. Following standard procedures for dehydration, the tissues were embedded in SPURR medium. Ultrasections were contrasted in uranylacetate for at least 20 min and in lead citrate for 5 min. Sections were viewed in a Philips EM 400T and images were documented on Kodak S0-163.
Relative quantitative real-time PCR
RNA was isolated from P90 normal and mutant hindlimb muscles using Trizol reagent (Invitrogen). First-strand cDNA was synthesized from 5 mg of total RNA using reverse transcriptase and 1 ml of pol(N) 6 random hexamer (Amersham Pharmacia, Freiburg, Germany). Relative quantification of PCR product synthesis was performed using Applied Biosystems 7500 Real-Time PCR system and assay-on-demands according to the recommendations of the manufacturer (Applied Biosystems). The expression levels obtained were normalized to the transcription level of the housekeeping enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Assay-on-demand references were for MuSK: Mm00448006_m1; AChR g subunit: Mm00437417_m1; AChR 1 subunit: Mm00437411_m1; AChR a subunit: Mm00431627_m1; GAPDH: Mm99999915_g1;
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